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PREFACE 

The  purpose  of  this  investigation  is  to  give  a  detailed  study  to 
a  large  scale  cold  core  cyclonic  disturbance  at  upper  levels.  The  in- 
vestigation was  instigated  by  discussion  with  Airline  and  "Jeather  Bureau 
people  7/ho  must  contend  with  the  problem  of  forecasting  upper  level  winds. 

It  is  felt  that  advance  information  on  the  development  of  ein  upper 
level  voi*tex  would  be  very  valuable  as  an  aid  in  the  forecasting  of  upper 
level  winds  for  flight  operations. 

This  investigation  is  limited  to  the  analysis  of  one  such  disturbance 
which  occurred  over  the  Western  United  States  during  October  1949» 

The  discussion  is  centered  about  the  500  millibar  level  vrhich  is  con- 
sidered the  approximate  flight  level  of  the  present  day  military  eind  com- 
mercial aircraft. 

The  author  wishes  to  express  gratitude  for  the  assistance  of  G.  J, 
Haltiner,  Associate  Professor,  Department  of  Aerology,  Naval  Postgraduate 
School,  Monterey,  California. 
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I.  IITTRODUCTION 

It  is  frequently  observed  that  long  -wave-like  disturbances  of  the 
middle  latitude  belt  of  the  westerlies  in  the  u^^pcr  troposphere  increase 
in  amplitude  and  finally  troughs  or  ridges  are  cut-off  as  vorticies  froia 
the  rain  current.  Such  upper  level  disturbances  are  observed  frequently 
in  such  areas  as  the  Azores,  'Jestern  United  States  and  Eastern  Pacific, 
Midway  Island  area,  and  the  './estern  Pacific  to  name  a  femr*     On  the  other 
hand  an  increase  in  amplitude  does  not  always  result  in  the  occurrence  of 
a  closed  circulation.  It  appears  desirable  therefore  that  further  inves- 
tigation should  be  made  to  obtain  more  knowledge  of  this  phenomenon* 

Pressure  variation  at  any  level,  and  specifically  in  the  vicinity  of 
such  cyclones,  is  accompanied  by  changes  in  the  mass  distribution  over  the 
disturbance.  There  are  various  contributions  of  advection,  divergence,  and 
vertical  motions  which  are  reflected  in  the  deepening  or  filling  of  the 
system  at  the  level  in  question. 

In  order  to  arrive  at  any  sound  conclusions  concerning  the  forecasting, 
origin,  life  history,  and  dissipation  of  upper  level  vorticies  it  is  there- 
fore necessary  to  study  the  three  dimensional  structure  of  this  type  of 
cyclone • 

Several  papers  dealing  vrith  this  phenomenon  have  appeared  in  Meteor- 
logical  publications  and  comparisons  are  made  bet;veen  this  system  and  the 
lovtTS  investigated  by  others.  It  can  be  expected  that  some  differences  will 
occur  bett-reen  this  and  other  such  systems  because  of  the  limitation  that  a 
single  vortex  is  investigated  here. 
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II «  PROCEDURE 

In  order  to  have  a  fairly  complete  three  dimensional  aaalj'^is  of  an 
upper  level  disturbance  it  \ie,s   considered  desirable  to  have  a  complete 
series  of  the  upper  air  "vveather  maps  for  the  period  from  at  least  forty- 
eight  (48)  hours  prior  to  the  development  of  the  cyclone  aloft  tlirough  the 
period  of  its  existence*  Due  to  limitations  of  time  available  the  author 
has  confined  the  investigation  to  the  qualitative  aspects  of  the  problem. 
Primarily  because  ordinary  forecasting  requires  less  detail  and  to  improve 
the  continuity  and  increase  the  reliability  of  the  results,  it  -was  necessary 
to  re-analyze  all  maps  of  the  period  for  which  the  vortex  occurred. 

Only  one  main  difficulty  presented  itself  in  the  analysis  other  than 
the  normal  transmission  errors.  The  terraiiji  over  -which  this  disturbance 
occurred  -was  generally  above  the  1000  millibar  level  and  in  some  instances 
above  the  85O  millibar  level*  For  this  reason  the  investigation  was  con- 
fined to  the  layer  from  the  85O  millibar  level  to  the  200  millibar  level. 
This  eliminated  the  erros  arising  from  reductions  to  sea  level. 

All  data  for  the  analyses  of  the  maps  -was  taken  from  the  Daily  Upper 
Air  Bulletins  for  the  period  16-21  October  1949.  Although  imcorrected  and 
by  no  means  complete,  they  were  adequate  to  accomplish  the  necessary  analyses < 
Heights,  temperature,  and  dew  point  at  the  pressure  level  were  recorded  for 
the  Aleutian  Chain,  the  Territory  of  Alaska,  the  United  States,  and  one 
weather  ship  report  in  the  vicinity  of  the  Gulf  of  Alaska. 

From  all  the  available  information  analyses  were  made  of  the  85O 
millibar,  700  millibar,  500  millibar,  3OO  millibar,  and  200  millibar  levels. 
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From  the  consecutive  500  millibar  analj'^es  time  differentials  v/ere  made 
to  show  the  height  tendency  field  over  Alaslca  and  the  west  coast  of  the 
United  States.  A  space  differential  analysis  -vms  made  for  the  85O  mil- 
libar to  700  millibar  layer,  the  700  millibar  to  500  millibar  layer,  the 
500  millibar  to  5OO  millibar  layer,  and  the  pOO  millibar  to  200  millibar 
layer.  These  analyses  are  discussed  later  in  chapters  conceminc  "^bo 
advection  aspects  and  height  tendency  centers* 
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III.  THE  SYIIOPTIC  SITUATION 

Important  to  a  discussion  of  this  type  is  a  clear  picture  of  the 
general  synoptic  situation  associated  with  the  occurrence  of  the  upper 
vortex  lander  investigation.  On  l6  October  194?,  a  cold  trough  occupied 
the  vrestem  section  of  the  United  States  at  the  500  millibar,  500  millibar, 
and  200  millibar  levels  (Figure  1)  extending  from  northern  Canada  to  South- 
em  California.  The  85O  millibar  analysis  showed  a  closed  low  with  an  ex- 
tremely flat  pressure  gradient;  while  the  700  millibar  analysis  presented 
a  trough  soraevihat  less  pronounced  than  observed  above  this  level  (Figure  2). 
Over  the  eastern  Pacific  Ocean  to  the  vrest  of  the  trough  was  the  Pacific 
Dynamic  High  and  to  the  north  over  Alaska  a  cold  high  v/as  forming  end  moving 
southeastrmrd* 

On  17  October  194?,  the  first  closed  contour  appeared  at  the  500  millibar 
and  700  millibar  levels  (Figiure  3)«  The  levels  above  500  millibars  continued 
to  show  the  trough,  much  larger  in  amplitude,  however.  The  slope  of  the  ver- 
tical axis  between  8 50  millibars  and  700  millibars  was  large,  in  the  order  of 
1  to  500.  The  cold  high  on  the  surface  from  Alaska  continued  to  move  south- 
eastward and  vras  intensif^dng.  Pressure  ims  increasing  over  the  northvrestern 
United  States  and  the  temperature  at  all  levels  over  this  area  vms  rising. 

By  18  October  194?  closed  contours  appeared  at  all  levels  from.  700 
millibars  to  200  millibars.  However,  the  slope  of  the  vertical  axis  between 
the  700  millibar  and  500  millibar  levels  was  abnormally  large  (Figure  4)« 

Further  examination  of  the  700  millibar  level  analysis  indicated  the 
possibility  of  two  centers  at  that  level.  One  center  was  displaced  some 
450  to  500  m.iles  to  the  east  of  the  low  at  500  millibars.  Another  center 
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■with  an  odd  contour  value  (9700  at  700  millibars)  could  be  draT.m  in  a 
position  -which  could  be  reasonably  assxMned  to  be  part  of  the  raain  system 
at  the  levels  above  700  millibars*  Thus,  -vjhile  ore  cj^lone  between  700 
millibars  and  200  millibars  was  moving  south  southeast,  a  weaker,  shallow 
cyclone  was  moving  eastvreird  confined  to  levels  below  700  millibars.  There 
was  very  little  activity  associated  with  the  lower  level  disturbance  other 
than  some  very  light  precipitation*  The  number  of  closed  contours  had  in- 
creased at  and  above  the  500  millibar  level.  The  cold  high  which  had  orig- 
inated over  Alaska  changed  its  course  from  sovitheast  to  more  easterly*  The 
rate  of  increase  of  pressure  over  the  Pacific  lIortlnTest  had  decreased  some- 
what at  this  time* 

During  1?  October  194?  the  upper  level  cyclone  reached  the  southernmost 
part  of  its  trajectory,  and  was  moving  very  much  slovrer  than  previously*  The 
700  millibar  level  shovred  the  first  even  valued  closed  contour  (98OO  at  700 
millibars)  associated  vfith  the  cyclone  above  that  level*  The  number  of 
closed  contours  above  the  700  millibar  level  at  all  levels  continued  to  in- 
crease vri-th  the  steady  increase  of  pressure  in  the  northern  section  of  the 
trough*  The  cold  high  was  moving  more  rapidly  and  approaching  the  loTiTer 
Hudson  Bay  region* 

By  20  October  1^49,  a  closed  contour  appeared  on  the  85O  millibar  chart 
beloar  the  upper  level  vortex*  The  cyclone  vfas  now  closed  at  all  levels  in- 
vestigated, from  850  millibars  to  200  millibars}  and  it  vms  now  moving  at  a 
greater  speed  than  on  its  previous  southeastward  trajectory* 

On  21  October  1949  the  cyclone  had  left  the  area  of  high  terrain  and 
was  proceeding  in  a  northeasterly  direction*  A  closed  low  appeared  only  at 
the  levels  from  500  millibars  on  up*  The  700  and  85O  millibar  analyses 
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showed  that  only  a  sharp  troxigh  existed  in  the  lower  levels*  This  is 
possibly  due  to  the  change  in  the  altitude  of  the  terrain*  The  tendency 
for  the  formation  of  a  dynamic  trough  on  the  lee  side  of  the  Rocky  Mountains 
may  have  masked  the  lovr  at  700  said  85O  millibars.  However,  this  effect  -vras 
temporary  and  the  closed  low  developed  into  the  lower  levels  within  the  next 
twenty-four  hours*  As  the  system  moved  eastT,'rea*d  a  surface  low  appeared  on 
22  October  with  definite  frontal  structure*  The  investigation  is  limited, 
however,  to  the  period  up  to  21  October  194?  only* 

As  observed  earlier,  the  slope  of  the  vertical  axis  of  the  cyclone, 
during  its  southerly  trajectory, was  opposite  the  direction  of  movement  and 
toward  the  northwest*  The  slope  became  more  nearly  vertical  as  it  reached 
the  southernmost  part  of  the  trajectory  and  remained  so  for  the  rest  of  the 
period  investigated* 

This  synoptic  study  indicates  that  a  complete  explanation  of  the 
phenomenon  of  this  upper  level  vortex  should  include: 

1*  The  origin  of  the  trough* 

2*  Thermodynamic  aspects  of  a  cold  core  low* 

3*  The  "cut-off"  process  and  the  vortex* 

4*  The  vortex  movement* 
Therefore,  the  remainder  of  this  study  will  consider  each  of  the  above 
topics  as  they  pertain  to  this  particular  upper  level  phenomenon* 
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rv,  TROUGH  ORIGIN 

Up  to  the  present  time  there  is  still  no  generally  accepted  theory 
dealing  v/ith  the  intermittent  outbreaks  of  cold  air  from  the  north.  T'ost 
authors  confine  themselves  to  the  analysis  of  the  cold  core  lovr  after  the 
vortex  has  formed.  Horvrever,  some  v/ork  is  being  done  concerning  such  cold 
outbreaks  by  considering  the  dynamics  of  the  stability  of  the  west  vrind 
belt.  The  results  according  to  Hsieh  L  4j  suggest  some  controlling  factors 
■which  cause  these  cold  outbreaks}  however,  theory  has  not  been  tested  on 
actual  data  in  the  atmosphere. 

Since  the  object  of  this  investigation  is  to  consider  all  factors  -which 
may  be  or  are  responsible  for  the  phenomenon  which  occurred,  a  possible  soxjrce 
of  the  trough  origin  will  be  advanced.  In  order  to  accomplish  this  end  it  vreis 
necessary  to  trace  the  synoptic  situation  for  some  days  prior  to  the  formation 
of  the  actual  vortex.  The  following  observations  were  made. 

It  T/as  noted  that  on  11  October  1949  the  Pacific  Polar  Front  extended 
from  the  Gulf  of  Alasl^,  southwest  to  the  Ikrianas  Islands.  On  12  October  1949 
a  cyclonic  disturbance  was  developing  in  the  Gulf  of  Alaska  at  approximately 
(>0°   ITorth  and  150'^  '.Test.  The  frontal  vrave  occluded  very  rapidly  and  was  de- 
veloped to  upper  levels  within  the  following  twenty-four  to  thirty-six  hours. 
This  low  moved  very  rapidly  east^vard.  The  formation  of  this  disturbance  in 
high  latitudes  allovred  colder  air  to  be  brought  south  by  flow  from  the  north 
in  the  western  section  of  the  lovr.  The  trough  of  this  investigation  appears 
to  have  previously  been  associated  v/ith  the  low  just  described.  Either  the 
trough  aloft  stagnated  v/hile  the  system  in  lower  levels  moved  east  and  came 
under  the  influence  of  another  trough  or  the  trough  divided  into  tv/o  troughs, 
one  stag^iating  and  one  moving  east  with  the  surface  system. 
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Palnen  and  llagler   5  have  stated  that  major  troughs  in  the  '.-renter lies 
are  the  primary  regions  where  pronounced  outflow  of  cold  air  from  the  north 
occurs*  Observations  show  the  existence  of  the  cold  air  into  southern  lati- 
tudes over  the  western  section  of  the  United  States, 

Figures  5  and  6  consolidate  the  movement  of  systems  important  to  the 
development  of  the  upper  level  vortex  along  xrith  the  movement  of  the  vortex 
itself,  as  discussed  in  the  c^moptic  situation.  All  tendency  fields  refer 
to  the  500  millibar  level,  which  is  considered  fairly  representative  of  the 
disturbance  as  a  vrholem 

As  ims  previously  mentioned,  a  cold  high  had  formed  over  Alaslca  and 
vreis.  moving  southv/ard  as  the  "cut-off"  occurred*  This  high  was  reflected  by 
a  slight  ridge  at  the  500  millibar  level*  The  positions,  time,  and  intensity 
of  the  positive  tendency  field  associated  vri-th  this  cold  high  are  shovm  in 
Figure  5*  Arrows  are  drawn  to  the  successive  approximate  center  positions 
to  show  the  general  movement  of  this  tendency  field* 

The  "cut-off"  at  the  500  millibar  level  appeared  over  Oregon  on  1? 
October  1?4?.  The  twelve  (12)  hour  positions  of  the  vortex  center  at  500 
millibars  are  shown  in  Figure  6  and  the  track  is  labeled  LOVT* 

Also  included  in  Figure  6  are  the  successive  12-hour  positions  of  the 
center  of  the  negative  tendency  field  associated  with  the  cyclone  at  500 
millibars* 
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Y,  TI-JERlIODYlTAmC  ASPECTS  OF  A  COLD  COl^  LOT 

The  analysis  of  the  isotherm  and  differential  patterns  after  the 
vortex  has  formed,  showed  that  a  cold  core  of  air  existed  in  the  central 
portion  of  the  trough.  It  is  easily  sho-rai  that  cold  core  cyclones  in- 
crease in  intensity  with  height.  The  greater  changes  of  pressure  with 
height  in  the  cold  core  as  compared  with  the  surroundings,  cause  the 
slope  of  the  isobaric  surfaces  to  become  steeper  with  altitude.  Thus,  if 
a  cyclone  or  trough  exists  at  an  upper  level  in  a  cold  column  of  air,  the 
higher  density  of  the  air  in  the  core  as  compared  to  its  surroundings, 
T/ill  tend  to  mask  the  trough  or  low  at  the  levels  belovf.  Figures  1,  2,  5» 
and  4  shov/  that  vortex  at  the  850  millibar  surface  is  not  as  vrell  defined 
as  at  the  500,  500,  or  200  millibar  levels. 

The  rate  of  change  of  pressure  as  given  by  the  hydrostatic  equation 
is, 

Tho  vertical  pressure  gradient  vrill  then  be  greater  for  lower  tem- 
peratures. The  mean  temperature  for  layer  therefore  d3termines  the  thick- 
ness of  the  layer.  The  system  xinder  investigation  shows  the  greatest  de- 
velopment, at  and  above  the  500  millibar  level,  becoming  more  pronounced 
at  lovror  levels  later  in  tho  life  history. 

Figures  7  and  8  show  the  variations  of  the  heights  of  the  pressure 
sxirfaces  at  the  center  and  to  the  north  of  the  center,  during  the  period 
investigated,  noticeable  is  the  small  cliange  in  height  of  these  surfaces 
at  the  center  of  the  vortex,  with  more  pronounced  change  in  the  north  of 
the  trough,  as  indicated  by  the  graph  of  station  -^i^79* 
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VI,  TliE  "CUT-OFF" 

From  the  preceding  discussion,  it  is  obvious  that  there  are  two 
requireraents  tliat  must  be  fulfilled  before  the  phonomenon  of  a  cut-off 
vortex  in  the  trough  can  occur*  First  is  the  formation  of  a  cold  core 
in  the  trough,  aaid  second  is  an  increase  of  pressure  in  the  northern 
section  of  the  trough. 

There  are  tv:o   main  processes  by  Trhich  the  necessary  Tra.rming  may 
occur  in  the  north  of  the  trough  in  order  tliat  the  cold  core  may  be 
"cut-off".  One  is  horizontal  advection  indicated  by  vrind  flov/  normal 
to  the  mean  isotherms  in  the  differential  analyses,  and  the  other  is  by 
descending  notions  in  the  cold  air  itself.  Tho  vjunn  advection  is  easily 
observed,  and  the  descending  notions  must  be  investigated. 

The  500  millibar  analyses  are  utilized  again  as  being  representative 
of  the  system  as  a  vrfiole.  "iTith  the  exception  of  time  of  occurrence,  it  is 
assvuned  that  the  processes  which  accomplish  the  observed  results  at  500 
millibars  are  similar  to  other  levels  of  the  system  investigated. 

Vertical  notions  were  estimated  by  the  so-called  "isobaric"  teclinique 
as  described  by  Panof  sky,  [  ^  J  •  ^^®  method  assumes  all  motions  are  adia- 
batic  and  that  temperature  changes  are  due  solely  to  horizontal  advection 
and  vertical  motions.  The  procedure  vra.s  someiiVhat  simplified  by  the  fact 
that  the  contours  showed  no  radical  changes  from  day  to  day.  The  results 
of  representative  stations,  ITorthwest  vi=798,  section  I,  Korth--f879»  section 
II,  northeast  v'764,  section  III,  are  given  in  Table  2.  The  advection  ex- 
pressed qualitatively  for  the  sane  areas  is  included  in  Table  1. 
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Table  2.  clearly  indicates  that  descending  motions  are  present  in 
the  northvrestern  section  of  the  trough,  iTote  also  that  the  height  of  the 
500  nillibars  surface  is  rising  betvreon  17  and  20  October  1949*  Even 
though  the  height  was  increasing,  a  process  '.vhich  in  itself  would  call 
for  a  drop  in  tenperature  at  500  mb,  the  temperature  is  increasing. 
This  further  substantiates  the  presence  of  the  descending  notions.  The 
sane  situation  is  occurring  in  the  section  to  the  north  along  the  center 
line  of  the  trough* 

The  presence  of  the  general  descending  motions  and  pressure  increases 
to  the  north  and  northvrest  in^lies  that  there  must  be  considerable  hori- 
zontal comrergence  at  some  higher  level.  The  pressure  increase  to  the 
north  and  northvrest  could  be  the  result  of  this  convergence,  thereby- 
establishing  an  easterly  floTf  and  completing  the  cut-off.  Thus  a  quali- 
tative mechanism  has  been  suggested  which  causes  both  the  formation  of  the 
cold  core  and  the  pressure  increases  in  the  north  of  the  trough. 

Ksieh  has  advanced  the  following  explanation  for  the  change  of  wind 
direction  from  vrest  to  east  in  the  northern  section  of  the  trough  and  the 
increase  of  pressure  in  the  north.  He  observed  vram  air  advection  into  the 
northivestem  section  of  the  trough,  into  an  area  of  relatively  cold  air. 
The  result,  termed  an  "vuibalanced  solenoidal  field",  is  presented  schemati- 
cally in  Figure  9« 

Figure  ?. 
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Obseirve  the  flow  in  the  lower  layers  is  to  the  vrest.  The  result 
will  be  a  piling  up  of  air  to  the  right . (north)  of  the  current  which 
will  increase  the  pressure  to  the  north  and  at  the  same  time  decrease 
the  pressvire  to  the  south.  This  mechanism  if  applied  to  the  system  in- 
vestigated here  would  require  that:  (1)  Pressure  increase  to  the  north; 
(2)  Ascending  motions  in  the  vrest  or  northY/est;  (5)  Decrease  in  pressure 
to  the  south.  The  Hsieh  mechanism  is  not  supported  in  this  investigation 
because:  (1)  Descending  motions  are  noted  to  the  northwest  and  north; 
(2)  Pressure  shows  very  little  change  to  the  south. 

The  isotherm  analysis  of  the  500  millibar  level  showed  the  first 
closed  isotherm  (-55°)  occurred  on  l8  October  1949.  On  19  October  1949 
the  indicated  closed  cold  core  had  mjoved  to  the  south  vrith  a  central 
closed  isothem  of  -50°.  This  general  warming  in  the  vicinity  of  the 
center  continued.  The  appearance  of  a  closed  vorte:c  in  the  cold  column 
of  air  precludes  the  effect  of  any  marked  advection  v/ithin  the  cyclone. 
A  recent  study*of  Divergence,  assuming  gradient  vmid,  of  this  s^tem  for 
19  October  1949  discloses  that  the  advection  term  of  the  tendency  equation 
up  to  500  millibars  contributed  a  negligible  amount  to  the  pressure  ten- 
dency as  compared  to  the  other  terms  of  the  same  equation.  Figure  8  shows 
that  the  cyclone  center  has  very  little  change  in  height  at  the  various 
pressure  levels.  It  appears  evident  that  there  are  descending  motions  in 
the  vicinity  of  the  cyclone  center  to  account  for  the  warming  that  occurs. 


*  Unpublished  thesis  by  K.  H.  Taylor,  Lieutenant,  U,  S.  Navy 
on  Divergence  of  Gradient  "Wind. 
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VII.  SOLS  DYNAMIC  ASPECTS  OF  THE  TROUGH  AlID  LOtT 

As  vrais  pointed  out  earlier,  during  the  first  and  latter  stages  of 
the  existence  of  this  upper  level  low,  the  closed  vortex  tiras  confined  to 
the  levels  above  at  least  15000  feet»  Only  for  one  period  of  tvTelve  liours 
on  20  October  1549  did  a  closed  contour  of  this  systen  appear  at  the  850 
nillibar  level* 
1*   Friction. 

Hsieh  suggests  the  importance  of  frictional  effects  in  the  so-called 
"free  atmosphere",  in  the  building  doim  of  the  rotational  motion  of  the 
vortex  in  the  cold  coluinn,  by  the  vertical  transport  of  momentum  by  eddy 
stresses.  Hsieh  uses  the  vorticity  equation  for  this  pvirpose.  The  in- 
creased speeds  observed  at  higher  levels  coupled  vfith  the  general  de- 
scending motions  and  the  conservation  of  mop.entum  v;ill  cause,  to  some  ex- 
tent, the  system  to  build  to  loTrer  levels.  The  descending  motions  are 
approximately  at  the  rate  of  one  (1)  kilometer  per  day  at  the  500  millibar 
level,  and  vrould  require  about  four  (4)  or  five  (5)  days  to  build  do\vn  to 
the  surface.  The  "cut-off"  occurred  at  the  500  millibar  level  on  17  Oct- 
ober 1949  and  appeared  at  the  surface  on  20  October  1^49,  a  period  of 
five  (5)  days. 
2.   Vorticity. 

The  strength  of  the  vortex  is  considered  proportional  to  the  number  of 
closed  contours  surrounding  the  I017.  The  number  of  closed  contours  is  ob- 
served to  increase  as  the  low  moves  to  the  south  and  decreases  as  the  lov/ 
moves  to  the  north.  Txie   vorticity  change  is  then  positive  for  the  former, 
and  negative  for  the  latter,  in  qualitative  agreement  with  the  vorticity 
equation. 
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YIII.  COi;CLUSIOHS 

It  must  be  remenbered  that  any  conclusions  arrived  at  in  this  in- 
vestigation are  for  the  one  upper  level  vortex  only.  It  remains  for 
further  investigation  to  establish  what  properties  are  necessary  for 
prognosticating  the  occurrence  or  non-occurrence  of  an  upper  level 
vortex  of  this  type* 

1,  Trough, 

necessary  of  course  is  the  development  of  the  rather  large  amplitude 
cold  trough  penetrating  far  into  the  belt  of  the  v/esterlies.  The  large 
amplitude  being  necessary  to  get  the  cold  air  sufficiently  far  south  to 
provide  a  marked  temperature  contrast  with  the  surroundings.  The  tem- 
perature distribution  then  assures  that  the  trough  intensifies  with  al- 
titude, masking  for  the  most  part,  the  lower  level  development. 

2,  Residual  cold  dome. 

The  transition  from  a  trough  to  a  vortex  requires  some  method  for 
warming  in  the  northern  section  of  the  trough.  The  advection  of  vrarm  air 
appears  to  combine  vfith  descending  motions  in  forming  the  cold  core  cut- 
off. 
5*   Secondary  cold  high. 

The  occurrence  of  a  secondary  cold  high  such  as  originated  over  the 
Territory  of  Alaska,  and  moved  across  the  northern  section  of  the  trough, 
aids  in  increasing  the  pressure  north  of  the  low.  The  increasing  pressure, 
probably  resulting  from  upper  level  convergence,  together  with  little  or 
no  change  in  the  vortex  center,  causes  tho  number  of  closed  contours 
around  the  low  to  increase. 
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4 •   Vortox 

The  variations  in  height  of  the  pressure  surfaces  at  the  center 
of  the  vortex  are  slight,  and  probably  due  primarily  to  diurnal  changes. 
The  tendenoy  center  associated  with  the  low  at  500  millibars,  appears  to 
follow  the  contours  quite  closely  at  that  level.  This  is  significant  and 
should  be  investigated  further,  since  prognostication  of  s-ach  vorticies  is 
very  important  in  the  forecasting  of  upper  level  vrinds  for  flight  operations. 

The  formation  of  a  direct  circulation  cell  to  the  north  of  the  trough, 
as  advanced  by  Hsieh,  is  not  confirmed  by  this  investigation.  Instead  it 
appears  that  advection  of  -warm  air  and  descending  motions  accomplish  the 
cut-off  of  cold  air  and  the  vortex  "cut-off".  The  increase  of  pressure, 
due  to  convergence  aloft,  provides  the  pressure  gradient  necessary  to  pro- 
duce an  easterly  flow,  and  complete  the  closed  vortex  in  the  trough. 

Ho  attempt  has  been  made  to  forecast  the  time  of  "cut-off"  but  to 
merely  explain  the  processes  which  caused  the  phenomenon  in  this  particular 
system.  The  500  millibar  level  was  utilized  in  this  investigation;  however, 
vfhile  vmlikely,  it  is  possible  that  other  levels  might  shov/  different  re- 
sults. It  is  interesting  to  note  that  the  "cut-off"  occxirred  at  the  500 
millibar  level  within  twelve  (12)  hours  after  the  760-500  millibar  thick- 
ness at  station  j^T),   reached  its  lowest  nuinerical  value. 

For  long  range  forecasting  it  would  bo  essential  to  also  forecast  the 
time  of  occurrence  of  a  cold  trough.  This  is  evidently  related  to  the  sub- 
ject of  intermittent  outbreaks  of  cold  air.  A  complete  theory  for  this 
phenomenon  is  not  known  and  is  suggested  for  further  investigation. 
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